ABSTRACT
B
irth asphyxia and its resulting neonatal encephalopathy occur in approximately 2 per 1000 births in developed countries and are responsible for 23% of all neonatal deaths worldwide. [1] [2] [3] Children who survive birth asphyxia may develop severe neurodevelopmental complications, such as cerebral palsy, mental retardation, learning difficulties, and other cognitive deficits. Until now, therapeutic hypothermia to an esophageal temperature of 33.5°C initiated within the first 6 hours of life and continued for 72 hours has emerged as the only available safe treatment for possibly improving the long-term outcome of some of these asphyxiated neonates. [4] [5] [6] Parents of these neonates are wondering increasingly about the long-term prognosis while their neonate is still hospitalized in the neonatal intensive care unit. In the past, the prognosis was based on clinical history, clinical examinations, and neurologic tools such as electroencephalography. 7 In the last few years, MR imaging has developed considerably, and conventional MR imaging sequences have become the standard for visualizing the presence and extent of brain injury after hypothermia treatment is completed. 8, 9 However, newer advanced MR imaging modalities, such as DTI and subsequent apparent diffusion coefficient and fractional anisotropy (FA) maps, are becoming available tools for use with neonates and may permit an even better definition of brain injury and thus may provide a more accurate prognosis. 10, 11 Typical patterns of injury in term asphyxiated neonates are usually described in the cerebrum, including basal ganglia injury, watershed injury, and near-total injury. Until now, injury to the cerebellum has been reported only rarely after birth asphyxia in term neonates. Nevertheless, the few available imaging studies in which the cerebellum was examined reported cerebellar injury in severe cases of neonatal encephalopathy. [12] [13] [14] [15] Sargent et al 15 found cerebellar vermian atrophy on CT and MR imaging acquired from 12 neonates around 10 -19 months of age with neonatal encephalopathy and who developed thalamic injury with or without cortical injury; however, they did not find any signs of cerebellar involvement on the imaging performed on these patients during the first 2 weeks of life. Le Strange et al 14 confirmed
reduced cerebellar growth, including vermis growth, during the first year after birth in 6 neonates with neonatal encephalopathy who developed severe basal ganglia and thalamic injury. Connolly et al 13 found abnormally high T2 signal intensity in the anterior lobe of the vermis on MR images acquired at various ages (ie, from 1 to 24 years) from 18 neonates with neonatal encephalopathy who had developed near-total injury. As demonstrated in premature neonates, 16 studying the cerebellum in neonates is highly relevant and important, because injury to the cerebellum may create an additional burden on the future neurodevelopment of these neonates. Thus, this present study was designed to report the incidence of cerebellar injury in asphyxiated neonates treated with hypothermia. We hypothesize that asphyxiated neonates are at risk of injury to the cerebellum and that cerebellar injury may be better identified in these neonates by using advanced neuroimaging techniques.
MATERIALS AND METHODS

Patients
We conducted a prospective cohort study of term asphyxiated neonates admitted to our neonatal intensive care unit between 2008 and 2014 and who met the criteria for induced hypothermia 4-6 : 1) gestational age of Ն36 weeks and birth weight of Ն1800 g; 2) evidence of fetal distress, such as history of an acute perinatal event, cord pH of Յ7.0, or base deficit of Ϫ16 mEq/L or lower; 3) evidence of neonatal distress, such as an Apgar score of Յ5 at 10 minutes, postnatal blood gas pH obtained within the first hour of life of Յ7.0, or a base deficit of Ϫ16 mEq/L or lower, or continued need for ventilation initiated at birth and continued for at least 10 minutes; and 4) evidence of moderate or severe encephalopathy obtained by physical examination and/or amplitude-integrated electroencephalography. Eligible patients received whole-body cooling to an esophageal temperature of 33.5°C, initiated by 6 hours of life and continued for 72 hours (unless contraindications developed), and then slow rewarming. The research protocol was approved by the Montreal Children's Hospital institutional review board, and informed parental consent was obtained in each case.
Brain MR Imaging
Per standard clinical protocol at our institution, a brain MR imaging scan was performed for all these neonates around day 10 of life. The MR imaging scans were performed by using a 3T clinical system (Achieva X; Philips Healthcare, Best, the Netherlands 21 ; section thickness, 4.0 mm) sequence. These 3 sequences combined are referred to as "conventional MR imaging" throughout the remainder of this article, because they were the ones used by the neuroradiologists to interpret the MR imaging studies and compile their reports. Pediatric neuroradiologists, who were blind to the clinical conditions of the infants, interpreted the MR imaging studies of the asphyxiated neonates treated with hypothermia. They reported the presence and extent of brain injury in the cerebrum according to a previously described MR imaging scoring system. 17 Cerebellar injury was recorded when mentioned in their report to evaluate the incidence of cerebellar injury in these neonates obtained by conventional imaging. The presented data were based only on the reports from the initial time of the study. We wanted to focus on the reading of the conventional sequences by the neuroradiologists to determine how often cerebellar injury was reported. We did not want to influence or bias them by asking them to specifically review the images for the cerebellum.
Autopsy
If the neonate did not survive, the autopsy result (when available) was also used to assess the presence and extent of brain injury in the cerebrum and the cerebellum. Cerebellar injury was recorded when mentioned in the report to evaluate the incidence of cerebellar injury in these neonates obtained by pathology.
ADC and FA Maps
In addition, since 2010, when possible (ie, when the parents consented for their neonate to have additional MR imaging, when the neonates were hemodynamically stable, and when a team of a nurse and a respiratory therapist was available to assist with the MR imaging), neonates were enrolled in an MR imaging research study, and MR imaging scans were performed on day 1 of life, day 2-3 of life, around day 10 of life, and/or around 1 month of life. These time points were chosen to ensure the absence of antenatal brain injury (day 1 of life), to assess early patterns of injury (day 2-3 of life), and to define the extent of definitive brain injuries (around day 10 of life and around 1 month of life). Patients who underwent hypothermia had therapy maintained during the MR imaging scan without any adverse events. 18 Any ventilation, pressor support, or sedation was maintained during the MR imaging process, and additional sedation was avoided. A similar imaging protocol was used with these neonates at different time points. However, in addition to the above-mentioned sequences, a single-shot EPI DTI sequence with isotropic resolution (TR, 5937.8 ms; TE, 69 ms; matrix size, 100 ϫ 100; FOV, 180 mm; sensitivity encoding factor, 2; directions, 32; bvalue, 750 s/mm 2 ; axial sections, 46; section thickness, 1.8 mm)
was included in the imaging protocol for the neonates enrolled in the MR imaging research study. In addition, the FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) was used to remove all extracerebral tissues (ie, eyes, meninges, skull, etc) from the images. 19 Then, ADC and FA maps were generated for the whole brain by using the tools of the Diffusion Imaging in Python (DIPY) package (Sherbrooke Connectivity Imaging Lab, Sherbrooke University, Sherbrooke, Quebec, Canada). 20 To assess whether subtle changes in the cerebellum were not recognized on conventional MR imaging of these patients, ADC and FA values were measured in 4 different regions of interest in the cerebellum (ie, the superior cerebellar peduncle, the dentate nucleus, the middle cerebellar peduncle, and the inferior cerebellar peduncle), as described in other study reports. [21] [22] [23] The regions of interest were always drawn by the same observer by using ImageJ (Image Processing and Analysis in Java; National Institutes of Health, Bethesda, Maryland). 24 Axial T2-weighted imaging was used in conjunction with the axial ADC and FA maps to accurately identify the regions of interest in the cerebellum. Measurements in the right and left sides in these different regions of interests were obtained and then averaged. The measurements were repeated twice for each region of interest to increase reproducibility.
Statistical Analysis
For the analysis of ADC and FA measurements, asphyxiated neonates treated with hypothermia were categorized into 1 of 3 subgroups on the basis of the presence or absence of brain injury reported from MR imaging and/or autopsy: 1) neonates who did not develop injury, 2) neonates who developed brain injury in the cerebrum, and 3) neonates who developed brain injury in the cerebrum and the cerebellum. Statistical analysis was performed according to the day of life on which MR imaging was performed. For each region of interest, ADC and FA values were compared between the groups by using Mann-Whitney U tests. A P value of Ͻ.05 was considered statistically significant. All statistical analyses were performed by using GraphPad Prism software (GraphPad Software, San Diego, California).
RESULTS
Description of the Patients
A total of 172 term asphyxiated neonates met the criteria for hypothermia (On-line Table) .
Of the asphyxiated neonates, 83% (143 of 172) survived. Among these patients, only 3% (5 of 143) had a cerebellar injury described on their MR imaging report; these patients presented with an associated watershed injury or with a near-total injury. Injury to the cerebellum was described most often as an abnormal T1 signal in specific regions of the cerebellum (the dentate nuclei or surrounding cerebellar white matter) and/or, more rarely, as a restricted diffusion in the cerebellum. Among the remaining patients without a described cerebellar injury, 56% (77 of 138) did not develop brain injury in the cerebrum, and 44% (61 of 138) did develop brain injury in the cerebrum; 20% (12 of 61) developed basal ganglia injury, 44% (27 of 61) developed watershed injury, and 36% (22 of 61) developed near-total injury. It is notable that 2 neonates had small hematomas within the left cerebellar hemisphere, and 1 neonate had one within the right cerebellar hemisphere; several neonates presented with subdural hematomas in the posterior cerebellar hemisphere, but these hematomas did not exert any mass effect on the underlying cerebellum.
Seventeen percent (29 of 172) of the neonates died as a result of complications of birth asphyxia and neonatal encephalopathy. Among those who died, 48% (14 of 29) had an available autopsy report that described brain injury; 71% (10 of 14) presented with apoptosis clearly identified in the cerebellum at the time of autopsy, 21% (3 of 14) presented with acidophilic neurons in the cerebellum, and 7% (1 of 14) did not have any described injury in the cerebellum. Each patient who died and had an autopsy had brain injury in the cerebrum at the time of the autopsy. It is interesting to note that among the neonates who died and had an autopsy, 2 had brain MR imaging before death, but the presence of cerebellar injury was mentioned in only one of the neonate's MR imaging reports. With respect to this patient born after placental abruption (Fig 1) , a restricted diffusion and an increased T1 signal were reported around the bilateral dentate nuclei of the cerebellum; the autopsy of this patient revealed numerous apoptotic neurons throughout the internal granular layer of the cerebellar cortex and a necrosis of the dentate nuclei and the Purkinje cells in the cerebellar cortex. Among the 52% (15 of 29) of neonates who died and did not have an autopsy, only 27% (4 of 15) had brain MR imaging performed, and the presence of cerebellar injury was recognized in only one of the MR imaging reports. In this patient, restricted diffusion was again noted on the ADC map around the bilateral dentate nuclei.
Among the 16 asphyxiated neonates with cerebellar injury reported from their MR imaging and/or autopsy, 3 were born after placental abruption, 1 was born after cord prolapse, 1 was born after placenta previa, 2 were born with tight nuchal cord, 6 presented profound fetal bradycardia of unclear origin, 1 presented poor variability, and 2 did not have a clear cause to explain their asphyxial event.
ADC and FA Maps
A total of 84 ADC and FA maps were obtained for 41 asphyxiated neonates treated with hypothermia, in whom a DTI sequence was performed in addition to the conventional sequences. Ten were obtained on day 1 of life, 22 on day 2-3 of life, 32 around day 10 of life (mean, day 10 of life; range, day 7-15 of life), and 20 around 1 month of life (mean, day 33 of life; range, day 29 -42 of life).
ADC values (Fig 2) were significantly increased around day 10 of life in the superior cerebellar peduncle (P ϭ .0001), the middle cerebellar peduncle (P ϭ .0004), and the inferior cerebellar peduncle (P ϭ .006) in neonates with brain injury of the cerebrum and cerebellum compared with those without brain injury; the ADC values in the dentate nucleus were not different around day 10 of life between these 2 groups of neonates. In addition, ADC values were not different between these 2 groups at the other time points except on day 1 of life for the middle cerebellar peduncle (P ϭ .003), for which the ADC was significantly increased in the neonates with brain injury in the cerebrum and cerebellum. ADC values in the cerebellum were not different between neonates with a brain injury described only in the cerebrum and those without injury except around day 10 of life for the superior cerebellar peduncle (P Ͻ .0001), for which the ADC was significantly increased in the neonates with a brain injury described only in the cerebrum.
FA values (Fig 3) were significantly decreased around day 10 of life in the superior cerebellar peduncle (P ϭ .007), the middle cerebellar peduncle (P Ͻ .0001), and the inferior cerebellar peduncle (P Ͻ .0001) in neonates with brain injury of the cerebrum and cerebellum compared with those without brain injury; the FA values in the dentate nucleus were not different around day 10 of life between these 2 groups of neonates. Similarly, a decreased FA value also was observed in the 1 neonate with a brain injury of the cerebrum and cerebellum, which was scanned around 1 month of age. The same trend was already observed on day 2-3 of life in the middle cerebellar peduncle (P Ͻ .0001) and the inferior cerebellar peduncle (P ϭ .0004) in the neonates with brain injury of the cerebrum and cerebellum compared with those without brain injury. It is interesting to note that the FA values significantly decreased around 1 month of life in the superior cerebellar peduncle (P Ͻ .0001), the middle cerebellar peduncle (P Ͻ .0001), and the inferior cerebellar peduncle (P Ͻ .0001) in the neonates with a brain injury described only in the cerebrum compared with those without brain injury; the FA values in the dentate nucleus were not different around 1 month of life between these 2 groups of neonates. The same trend was already observed on day 2-3 of life and around day 10 of life in the middle cerebellar peduncle (P Ͻ .0001 on day 2-3 of life and P ϭ .03 around day 10 of life) and in the inferior cerebellar peduncle (P ϭ .07 on day 2-3 of life and P ϭ .003 around day 10 of life) in the neonates with brain injury of the cerebrum and cerebellum compared with those without brain injury.
DISCUSSION
The results of this study provide insight into cerebellum injury in asphyxiated neonates treated with hypothermia. Cerebellar injury was only rarely reported on conventional MR imaging. Only 6 asphyxiated neonates treated with hypothermia had a cerebellar injury described on their MR imaging report, which represents 4% of the asphyxiated neonates treated with hypothermia from the cohort with brain imaging data available, or 9% of the asphyxiated neonates treated with hypothermia who developed brain injury visible on brain imaging. In these 6 cases, the cerebellar injury was also always associated with an injury of the cerebrum. However, cerebellar injury was a common finding in the autopsies of the asphyxiated neonates treated with hypothermia who died (ie, it was clearly present in 72% of these neonates). The cerebellar injury was always associated with an injury of the cerebrum. Thus, the incidence of a neuroimaging-evident cerebellar injury in asphyxiated neonates treated with hypothermia widely contrasts with the incidence of pathologically evident cerebellar injury in these neonates, as already pointed out by others. 15 It is possible that the asphyxiated neonates who died were among the ones with
FIG 1. Term asphyxiated neonate treated with hypothermia who presented with cerebellar injury on MR imaging and histopathology. A, The cerebellum on day 1 of life (axial T1-weighted image shows a normal signal in the cerebellum). B-D, The cerebellum on day 2 of life. Axial T1-weighted image (B), ADC map (C), and diffusion-weighted image (D) show an abnormal signal (thin arrows) around the bilateral dentate nuclei. E, ADC map of the cerebrum on day 2 of life shows an associated marked basal ganglia injury (thick arrows). F and G, Histopathology of the cerebellum on day 3 of life (magnification ϫ20). Hematoxylin-eosin-stained section of the cerebellar cortex (F) shows the Purkinje cells (arrows)
with shrunken hypereosinophilic cytoplasm and condensed nuclei, typical of hypoxic-ischemic necrosis ("red and dead" neurons). In addition, in the internal granular layer (IGL), many apoptotic internal granular neurons (circles) are present. G, Immunostaining of the cerebellar cortex for active caspase 3 (orange-brown staining), highlights the apoptotic internal granular neurons. In addition, the staining of the neuropil of the molecular layer (ML) is consistent with "synapoptosis." Also, apoptotic neuronal precursor cells (arrows) are present in the external granular layer (EGL), which occurs as part of the normal involution of this layer.
the most severe brain injury. It is also possible that the neuroradiologists interpreting the conventional imaging concentrated their attention on the supratentorial injury and overlooked the cerebellar injury when reporting their results. However, it is also possible that cerebellar injuries are subtle on conventional imaging and hard to recognize 14, 15 and that they are only clearly visible in asphyxiated neonates with severe brain injury. 13 In the second part of this study, we used advanced neuroimaging techniques to measure ADC and FA in 4 specific regions of the cerebellum. Of the 149 asphyxiated neonates treated with hypothermia in our cohort, 41 (28% of the neonates with imaging available) had ADC and FA maps available for measurements. Neonates with brain injury of the cerebrum and cerebellum showed ADC and FA changes in some of the measured cerebellar structures, mainly an increased ADC around day 10 of life and a decreased FA on day 2-3 of life and around day 10 of life. It is interesting to note that neonates with brain injury described only in the cerebrum also demonstrated ADC and FA changes in the same cerebellar structures, again mainly an increased ADC around day 10 of life and a decreased FA on day 2-3 of life, around day 10 of life, and around 1 month of age. Neonates with brain injury described only in the cerebrum (and not in the cerebellum) presented ADC and FA values in their cerebellum that were similar to those in the neonates with brain injury described in the cerebrum and cerebellum. These results suggest an unrecognized cerebellum injury in some of the neonates with brain injury described only in the cerebrum when using conventional MR imaging sequences. It is interesting to note that after this analysis, we went back and examined the conventional imaging of some of these neonates with abnormal FA values, and we found the changes to be very subtle and hard to recognize on conventional imaging. Advanced neuroimaging techniques with measurements of ADC and FA values seem to be able to identify these cerebellum injuries that are not visible on conventional imaging, and thus, they should be used more widely with these neonates to understand the full extent of their injuries.
Typically, brain injury to the cerebrum after neonatal encephalopathy in term neonates has resulted in reduced ADC values during the first days of life, and pseudonormalization after the first week of life [25] [26] [27] ; similar but slower changes have been shown in conjunction with hypothermia. 10 In our study, the changes in the cerebellum did not follow this typical pattern. No consistent acute change in ADC values was observed during the first days of life 12, 15 ; the only consistent changes in ADC values were the isolated increased ADC around day 10 of life. Previously, increased ADC values have been linked to extracellular edema, whereas decreased ADC values have been linked to cytotoxic edema, among other causes. 28 Thus, these findings raise a question about whether different mechanisms of injury may be involved in cerebellar injury after neonatal encephalopathy. Fractional anisotropy values tended to decrease around day 2-3 of life in the cerebellar peduncles, and the decrease became more prominent over time and reached significance around day 30 of life. In brain injury to the cerebrum after neonatal encephalopathy, these changes in FA values have been linked with irreversible ischemia, cell death, and loss of structural integrity. 29, 30 In addition, in our study, no patient was found with an isolated injury in the cerebellum. All the neonates with a cerebellar injury described on their MR imaging or autopsy report also had an associated injury to the cerebrum (ie, in the basal ganglia and/or in the cortex and subcortical white matter). ADC and FA changes in the cerebellum were noted in neonates with an injury to the cerebrum and cerebellum and the neonates with an injury described only in the cerebrum compared with those in the group of neonates without injury. It is interesting to note that the 3 cerebellar peduncles showed similar trends in ADC and FA changes, but the dentate nucleus did not show similar changes.
These results suggest that injury to the cerebellum in term asphyxiated neonates treated with hypothermia may directly follow the asphyxial event, but it may be also that injury often occurs indirectly by way of the transneuronal degeneration related to damages in other connected areas of the brain rather than directly by way of damage to the cerebellum at the time of asphyxia. 14, 15, 29, 31 Transneuronal degeneration has been described as the anterograde and retrograde degeneration of neurons synapsing with neurons injured in the initial lesion, related to a disruption of electrical inputs and outputs. 29, [32] [33] [34] This process can lead to the disappearance of entire white matter tracts. [32] [33] [34] The 3 cerebellar peduncles manage the fibers that connect the basal ganglia and widespread cortical areas to the cerebellum. 35, 36 An injury to one of these above-mentioned structures can lead to transneuronal degeneration and programmed cell death through the cerebellar peduncles by way of disruption of these pathways. This hypothesis would help to explain the previously reported reduced cerebellar growth in infants with neonatal encephalopathy 14 and would support a mechanism of diffuse cerebellar injury rather than a focal injury.
12
The cerebellum is increasingly being recognized as an important component of the brain with a role in motor functions, 37 such as coordination and balance, but also with a role in vision, cognition, planning, learning, and language.
38,39 Cerebellar development is known to continue after birth, with continuing cell differentiation and migration and linear growth during the first year after term birth. 14 In premature neonates, cerebellar injury has been related to a constellation of long-term neurodevelopmental deficits, including impaired motor sequencing, fine motor incoordination, cognitive dysfunction, autism, and other neuropsychiatric sequelae. 38, 40 Impairment of cerebellar growth has been linked with impairment of brain development. 38 Thus, injury to the cerebellum in term asphyxiated neonates treated with hypothermia may also have a profound impact on the future neurodevelopment of these infants. These cerebellar injuries may explain why some of the asphyxiated neonates still develop more complex impairments, such as an impairment of motor coordination, memory, learning, or visuospatial processing. 4 Follow-up studies are needed to determine what the contribution of these cerebellar injuries is to the neurodevelopmental sequelae described later in these patients. As for other conditions and disorders that affect the cerebellum, 21 advanced neuroimaging (such as measurements of the apparent diffusion coefficient and fractional anisotropy) has proved to be useful for assessing cerebellar injury in term asphyxiated neonates treated with hypothermia. To our knowledge, our study is the first to show that changes in ADC and FA values can be used to evaluate cerebellar injury in asphyxiated neonates treated with hypothermia. It is unfortunate that ADC and FA maps were not measurable for the whole cohort of patients, because the MR imaging sequences that permitted us to obtain these maps are not yet part of the standard of care for these patients at our institution. It also would have been ideal to study a group of asphyxiated neonates not treated with hypothermia to determine if the hypothermia treatment influenced the magnitude of the severity of the observed cerebellar injuries. However, because cooling is now the standard of care, it is no longer possible to randomly assign infants to undergo or not undergo cooling to assess the impact of hypothermia on cerebellar injuries. Additional studies need to determine whether a wider generalization of the use of such sequences may permit the detection of injuries that are for now invisible on conventional neuroimaging and may improve the prognosis given to the parents of such infants. Neurodevelopmental studies of these patients also are recommended to gain a better understanding of how these injuries unfold into neurodevelopmental impairments. We chose to assess only 4 specific regions in the cerebellum that were easily recognizable from one patient to another to make sure that our measurements were very specific. The method we used did not enable us to measure the separate eigenvectors of the diffusion tensor. Additional studies that measure the 3 principal eigenvectors that can describe diffusion in and around a lesion may provide additional insight into injury evolution and the response of the brain to such an insult. 30 Moreover, values in healthy controls could rule out the possibility that injury occurs only in the cerebellum in asphyxiated neonates treated with hypothermia. An atlas-based DTI analysis in which these results are compared with those of healthy controls would also enable us to better understand these cerebellar injuries.
To calculate the pathologic incidence of cerebellar injury in these neonates, only a description of apoptosis was considered to indicate cerebellar brain injury, because neuronal apoptosis typically requires 24 -48 hours to develop after a hypoxic-ischemic insult. 40 Acidophilic changes were not accredited to cerebral brain injury in this study, because they usually take approximately 4 -6 hours to develop after a hypoxic-ischemic insult 41 and thus could represent the dying process.
CONCLUSIONS
The cerebellum may be injured in term neonates after birth asphyxia. These cerebellar injuries are evident on conventional imaging for only a few neonates and are not visible for most other neonates whose potential cerebellar injuries may be identified only by advanced neuroimaging techniques. A combination of ADC and FA values may be a useful and reliable tool to use for term asphyxiated neonates treated with hypothermia to quantify and ascertain the extent of their cerebellar injury and its temporal evolution after neonatal encephalopathy. Follow-up studies are needed to determine if these cerebellar injuries predict some of the fine motor and other neurodevelopmental abnormalities that can develop later in these neonates.
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